Abstract: Main-group complexes are shown to be viable electrocatalysts for the H 2 -evolution reaction (HER) from acid. As eries of antimony porphyrins with varying axial ligands were synthesized for electrocatalysis applications.The protonreduction catalytic properties of TPSb(OH) 2 (TP = 5, 10, 15, porphyrin) with two axial hydroxy ligands were studied in detail, demonstrating catalytic H 2 production. Experiments,i nc onjunction with quantum chemistry calculations,s howt hat the catalytic cycle is driven via the redox activity of both the porphyrin ligand and the Sb center.T his study brings insight into main group catalysis and the role of redox-active ligands during catalysis.
Environmental concerns and fossil fuel depletion have prompted as earch for sustainable energy sources.H 2 is av iable energy carrier since it has ah igh energy density (142 MJ kg À1 ), [1] forms only water upon combustion, and is carbon-neutral. [1] Platinum is av ery efficient catalyst for the H 2 -evolution reaction (HER); [2] however,r eplacement with cheaper alternatives is desirable.M olecular HER catalysts are advantageous because their properties are readily tuned by structural modifications,and mechanistic studies are easier to perform under homogenous catalytic conditions. [3] Though great progress has been made in the area, improving the catalytic efficiency, acid stability,a nd electrocatalytic overpotentials [3] may require ab roader exploration of catalyst structures.
Compared to transition-metal catalysts,m ain-group elements have not been extensively explored;a lthough the reported studies have revealed benefits,t here are still rather few catalytic applications. [4] An innovation that may help is the use of redox-active ligands. [5] In this case,t he ligand becomes redox-active,a nd the main-group element, which could be redox-active or not, acts as the substrate-binding site. This contrasts with transition-metal catalysis,where the metal has both functions.R edox-active ligands can have ar ole in multi-electron reactions by facilitating electron transfer to or from the catalyst, thus playing an important role in the overall catalytic mechanism. [5] Here,wereport porphyrin complexes of antimony as HER catalysts.S bc omplexes are known to perform photocatalytic oxidations. [6, 7] However,tothe best of our knowledge,t his is the first time that molecular Sb complexes have been used for catalytic reduction. In this work, we demonstrate that Sb-porphyrin complexes function as electrocatalysts for efficient proton reduction. Furthermore,acombination of experiments and quantum chemical calculations show that both the porphyrin ligand and the Sb center are redox-active during electrocatalysis, [8] which has not been observed in previously reported antimony catalytic systems.
Thes ynthesis,p urification, and characterization of three Sb V -porphyrin complexes (Figure 1 ) are described in the Supporting Information (Scheme S1). Thep hotophysical properties of these Sb-porphyrin complexes,s tudied by absorption spectroscopy,w ere dependent on the ligand set (Supporting Information, Table S1 and Figure S1 ).
Thee lectrochemical properties of TPSb(OH) 2 were explored using cyclic voltammetry (CV). CV measurements were performed in acetonitrile using a0.1m tetrabutylammonium hexafluorophosphate( TBAPF 6 )e lectrolyte and a0 .5 mm porphyrin electrocatalyst. Under reducing conditions,T PSb(OH) 2 (Supporting Information, Figure S2A ) has two reversible reduction waves at À0.89 Vand À1.30 Vvs. Fc/ Fc + indicative of reductions of the porphyrin ligand;the first reduction forms the porphyrin radical anion and the second forms the porphyrin dianion. [9, 10] This is corroborated by density functional theory (DFT) calculations,which show that the first two reduction events sequentially reduce the porphyrin ring twice,w ith calculated potentials of À0.86 V and À1.31 Vvs. Fc/Fc + ,using the free-base TP as an internal reference.T he frontier orbitals and spin density of TPSb-(OH) 2 in its various oxidation states are shown in the Supporting Information, Figure S3 . Experimental plots of peak current versus square root of the scan rate are linear, indicative of diffusional processes (Supporting Information, Figure S2 ). As ummary of experimental and calculated electrochemical properties of the porphyrins can be found in the Supporting Information, Table S1 .
To screen the catalytic capability of the Sb porphyrins for proton-reduction catalysis,C Vm easurements were performed using 0.5 mm TPSb(OH) 2 with increasing concentrations of trifluoroacetic acid (TFA) (0, 1, 10, 50, and 100 equiv) as the proton source ( Figure 1B ). An additional irreversible peak appears upon addition of TFAthat increases as the acid concentration increases,w hich we attribute to proton-reduction catalysis. [11] [12] [13] To better understand the catalytic system, several control experiments were conducted, including measurements on blank electrolyte solutions (with TFA) and the free-base porphyrin TP in the presence of TFA. These control experiments explicitly demonstrate the involvement of the Sb center in the catalysis (Supporting Information, Figure S4A ,B). Additionally,s everal voltammetric control experiments were performed to further verify the occurrence of proton reduction, and exclude reduction of the ÀCF 3 or ÀCO 2 À moieties of TFA( Supporting Information, Figure S4C ). Lastly,t od emonstrate that the increase in current was not due to an Sb salt produced by demetalation of the porphyrin, CVs of 0.5 mm Sb(OAc) 3 were collected with 100 equiv of TFA. TheCVs did not show an increase in current, but in fact adecrease in current, demonstrating that the Sb salt was not able to act as ap roton-reduction catalyst and that demetalation was not responsible for activity (Supporting Information, Figure S4D ). Sb salts also have low solubility in acetonitrile and we did not observe any precipitation during catalysis.T aken together,t he control experiments strongly suggest that the observed catalytic activity is from the Sbporphyrin species.
To confirm and quantify the formation of H 2 ,G Cw as employed. An electrochemical cell containing ahigh-surfacearea carbon paper working electrode,a nA g/AgCl pseudoreference electrode,a nd aP tw ire auxiliary electrode (separated from the working compartment by af rit) were used during electrolysis of 0.5 mm TPSb(OH) 2 with 200 equiv of TFA. CVs were collected prior to electrolysis,s howing the catalytic peak upon addition of acid (Supporting Information, Figure S6A ). Electrolysis was performed by holding the potential at the catalytic peak voltage for 2h.T he chronoamperogram during the electrolysis shows asteady current at about À2mA( Supporting Information, Figure S6B ) with as low rise in reductive current after 90 min. During the electrolysis,t he headspace of the electrochemical cell was sampled by injecting 200 mLi nto the GC at 36, 91, and 120 min. Theformation of H 2 was confirmed and compared to apure H 2 injection (Supporting Information, Figures S5, S8) . AF aradaic efficiency of 62 %was found by comparing the H 2 gas production (43.3 mmol) during 2h vs.t he theoretical value,c alculated from the charge passed. During 2h of electrolysis,TPSb(OH) 2 performed 9catalytic turnovers with aturnover frequencyof4 .3 h À1 .T oproduce further evidence that TPSb(OH) 2 was forming H 2 ,a ne lectrolysis of ac ontrol sample with ab are electrode under the same conditions was also performed. Thechronoamperogram shows asignificantly lower current (ca. À50 mA) and less H 2 (6.7 mmol) production than with TPSb(OH) 2 (Supporting Information, Figures S6C,  S7B ).
Theobserved increase in reductive current after 90 min of electrolysis of TPSb(OH) 2 indicated that another species may be forming, which could account for the relatively low Faradaic yield. To probe this,U V/Vis spectroscopy was used to monitor any changes in TPSb(OH) 2 during electrolysis.No changes in the UV/Vis spectrum were observed upon the addition of 200 equiv of TFAt o0 .5 mm TPSb(OH) 2 prior to electrolysis (Supporting Information, Figures S10). During electrolysis,three new peaks at 440, 503, and 667 nm appear in the UV/Vis spectrum (Figure 2 ), which suggests reduction of the porphyrin ring. [14] Based on these results,wepropose that the reductive current that is not involved in H 2 formation instead drives the formation of the reduced porphyrin species. [15] [16] [17] [18] Because molecular electrocatalysts can be prone to decomposition and binding to electrodes,X -ray photoelectron spectroscopy (XPS) was performed on ar insed carbon paper electrode post electrolysis of TPSb(OH) 2 . [19] Sb was detected on the carbon paper electrode,and the XPS spectra were compared to that of TPSb(OH) 2 deposited on carbon paper by the drop-cast method. TheTPSb(OH) 2 peaks are at ahigher binding energy than the post-electrolysis Sb features, suggesting that the electrodeposited species is am ixture of two reduced Sb tetrapyrrole species;t he N1sX PS spectra, representing the state of the porphyrin ligand, also show ab roadened Np eak compared to the drop-cast TPSb(OH) 2 , suggesting that more than one species is present on the electrode (Supporting Information, Figure S9b ). [20] [21] [22] To gain further insight into the nature of the species deposited on the electrode surface,acarbon paper electrode was soaked for 2h in as olution of TPSb(OH) 2 in acetonitrile,m imicking the solvent environment during catalysis.NoSbwas detected by XPS under these conditions,suggesting that TPSb(OH) 2 does not bind to the electrode ( Supporting Information, Figure S9A) , but rather only the reduced porphyrin species deposits.A dditionally,d rop-cast TPSb(OH) 2 readily desorbs Figure S9A ), retaining the same UV/Vis spectrum. Lastly,the presence of Sb 0 at 528.0 eV was not observed in the post-electrolysis sample (Figure 3) , precluding the possibility of porphyrin demetalation during electrolysis. [23] To further characterize the nature of the Sb on the surface,the post-electrolysis carbon paper was soaked in methanol for 22 ht od esorb the species on the surface,a nd aU V/Vis spectrum was collected, which showed Soret and Q-bands that differ from TPSb(OH) 2 ( Supporting Information, Figure S11) . XPS spectra of the carbon paper post methanol rinsing also showed ad ecrease in surface-bound Sb (Figure 3 ). Taken together,t he UV/Vis desorption spectrum and the XPS results provide strong evidence that the compound on the surface is areduced Sb-tetrapyrrole species. Thesurface-adsorbed species and its possible catalytic activity were further characterized by CVs and chronoamperograms (Supporting Information, Figure S12 ). Thel ower current suggests that the reduced species on the electrode surface is less active than TPSb(OH) 2 during catalysis.Regardless,itis clear that Sb-tetrapyrrole compounds are capable of performing proton-reduction catalysis.
Theexperimental results support the DFT catalytic cycle described in Figure 4A (see the Supporting Information for computational details). First, aone-electron reduction occurs to activate the pre-catalyst, forming the Sb V -porphyrin-radical anion species I2 consistent with the first reversible peak in the CV with TFA( Figure 1B) . Because the UV/Vis and 1 HNMR spectra of TPSb(OH) 2 are not affected by the presence of TFA( Supporting Information, Figures S10 and S13), initial ligand protonation is ruled out before species I1 is reduced ( Figure 4A ). Thef ree energy change of protonating I2 by TFAi s+ 9.7 kcal mol À1 ,s uggesting that the singly reduced species I2 is not basic enough to efficiently advance the catalysis.Further reduction of I2 with asecond electron yields I3,and the protonation of I3 with TFAhas an associated free energy change of only + 1.7 kcal mol À1 ,which is small enough to move forward with sufficient TFAc oncentration. The protonated species I4 loses an axial water ligand to form intermediate I5 in as trongly exergonic step. I5 is the active catalyst that enters the catalytic cycle ( Figure 4) . The oxidation state Sb III of I5 is supported by the presence of ad oubly occupied MO (HOMOÀ2i nt he Supporting Information, Figures S14-S20) corresponding to an Sb 5s lone pair, residing opposite the remaining OH axial ligand. Theincrease of SbÀNbond lengths from I4 to I5 is consistent with the experimental ionic radius increase from Sb V (0.74 ) to Sb III (0.90 ). [24] Thea ctive catalyst I5 begins the catalytic cycle by accepting ap roton with its 5s lone pair, forming the Sb V À H hydride intermediate I6.T he formation of I6 is practically isoergonic (+ 0.2 kcal mol À1 ), with an activation free energy of 9.3 kcal mol À1 .T his intermediate finds many analogues in various metal hydride species,o ccurring as intermediates in proton reduction catalysis. [11] [12] [13] Thec alculated Sb À Hb ond length in I6 is 1.70 ,a nd the calculated charge of the Hi s À0.24 e, based on an atomic polar tensor charge analysis.The reduction of I6 requires 11.7 kcal mol À1 .Like I2,the incoming electron populates the porphyrin ring rather than the metal center, because the two axial ligands obstruct the formation of an Sb lone pair. Protonation of the reduced hydride I7 [25] forms the H 2 -bound complex I8 with afree energy change of + 3.2 kcal mol À1 and an activation free energy of 16.2 kcal mol À1 .T he HÀHb ond length in I8 is 0.76 ,w hich is very similar to an isolated H 2 molecule.O nt he other hand, the distance between Sb and H 2 is about 3.3 ,i ndicating av ery Figure 3 . XPS spectra of the carbon paper after electrolysis( black), after rinsing the post-electrolysis carbon paper with MeOH for 22 h (red), blank carbon paper (blue), and drop-castT PSb(OH) 2 on carbon paper (gray). The left peaks are from Sb 3d 3/2 and the right peaks are from Sb 3d 5/2 .T he O1speak overlaps the right peak. weak interaction compared to transition-metal-dihydrogen complexes. [26] Theoxidation state of Sb in I8 is best described as Sb IV ,a si ndicated by the Sb À Nb ond lengths as well as as ingly occupied 5s orbital (Supporting Information, Figures S14-S21). Therelease of H 2 from I8 is thermodynamically favored by 5.4 kcal mol
À1
,y ielding the intermediate I9 that can be easily reduced to regenerate I5,c ompleting the catalytic cycle.I ti sw orth noting the important role of the axial ligands:w ith two axial ligands present, the porphyrin ring bears the reducing charge (in I2, I3, I4,and I7), whereas with asingle axial ligand, the Sb can support alone pair and be reduced to Sb IV and Sb III (I5, I8,and I9). Because axial ligand substitutions are key steps in the proposed catalytic cycle (Figure 4) , Sb-porphyrin complexes with different axial ligands (TPSb(OMe) 2 and TPSbBr 2 ; Figure 1A )w ere prepared and studied to probe how the ligands affect the electrochemical and catalytic efficiencies. By variation of the axial ligands,the electrochemical properties of TPSb(OMe) 2 and TPSbBr 2 (Supporting Information, Figure S22 ) showed significant tunability of the electronic properties (up to ca. 210 mV for the first reduction peak, and ca. 90 mV for the second one), compared to those of the benchmark molecule TPSb(OH) 2 .T his is of particular interest because these axial ligands are not directly bound to the porphyrin ring, which as described earlier bears the charge from am ajority of the reduction steps.N onetheless, our results clearly show that the Sb atom, along with acting as the catalytic center, is crucially responsible for mediating the interactions between the redox-active porphyrin ligand and the electronically non-innocent axial ligands,o ne of which is the hydride intermediate in the catalytic cycle.
To investigate the capabilities of TPSb(OMe) 2 and TPSbBr 2 for proton-reduction catalysis,C Vs were collected under the same conditions as for TPSb(OH) 2 (Supporting Information, Figure S22 ). Both of these Sb complexes showed an irreversible peak upon addition of TFA, similar to that observed for TPSb(OH) 2 ,i ndicating that catalysis is occurring. [11] [12] [13] Thei ncrease in magnitude of the current at the catalytic peak is similar among all three porphyrins,s uggesting that their capacities for proton-reduction catalysis are comparable.
We predict that the redox potential of the ligand can be tuned by variation of the polypyrrole type and substitution pattern, changes that are not expected to significantly affect the substrate-binding site.T his advantage is not shared by classical HER catalysts in which the redox-active and substrate-binding sites are one and the same.
In conclusion, we have prepared aseries of Sb-porphyrin complexes,a nd demonstrated their capability for protonreduction catalysis.O ur proposed catalytic mechanism is supported by both experiments and DFT free-energy and transition-state calculations.T he catalytic activity of one molecule,( TPSb(OH) 2 ), is studied in particular detail. The effects of different axial ligands on the electrochemical properties and catalytic efficiencies are also studied, resulting in highly promising tunability of properties by facile structural modifications.T oo ur knowledge,t his is the first study using molecular complexes with Sb as the catalytic center for proton reduction. In aw ider perspective,t his work demonstrates the viability of employing main-group elements for catalytic processes relevant for sustainable energy production, as well as the important role of redox-active ligands.This opens up new avenues for the application of compounds from cheaper elements beyond the transition-metal series.
Experimental Section
Details on instruments,experimental, control experiments,additional electrochemical and spectroscopic data, GC chromatograms, complexes with different axial ligands,D FT calculations,t he two considered catalytic cycles, calculated frontier orbitals and spin densities,o ptimized xyz coordinates, and sample Gaussian input file can be found in the Supporting Information.
